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H
uman leukocyte antigen (HLA) class I-restricted cytotoxic-Tlymphocyte (CTL) escape mutations that occur in conserved HIV-1 regions can compromise the structural or functional integrity of key viral proteins, affecting HIV-1 replication capacity. For example, mutations associated with escape from HLA-B*57/B*58: 01-restricted responses to the TW10 epitope in p24
Gag affect cyclophilin A binding ability (8) , an important requirement for viral replication (24, 37, 41) . Vaccines designed to focus immune responses against regions of HIV-1 susceptible to deleterious mutations may therefore represent a useful strategy to control viral replication in vivo (2, 3, 18) .
To date, studies of immune-driven alterations in viral fitness have been undertaken predominantly on HIV-1 subtype B (7, 8, 11, 28, 32, 38, 39) , the most common subtype in Western countries. Comparably fewer studies have examined subtype C (6, 21, 22, (48) (49) (50) , despite the fact that it accounts for nearly 50% of infections globally (13, 44) . Furthermore, no comparative studies of the replicative consequences of potential immune-driven mutations in subtypes B versus C have been reported, despite the relevance of this issue to the design of universal vaccines aimed at attenuating the disease course (18) . Indeed, comparative studies of HIV-1 drug resistance and coreceptor tropism support critical differences between HIV-1 subtype B and C with respect to in vitro replicative capacity that have important implications for HIV treatment and clinical monitoring (1, 20, 40, 51) , suggesting that similar intersubtype effects may be observed for immune-driven viral polymorphisms.
The M250I mutation, located one residue downstream of the TW10 epitope in p24
Gag that is presented by numerous alleles of the B58 supertype including B*57 and B*58:01 (52) , is one of a number of rare variants observed in HLA-B*57/B*58:01-expressing, subtype B-infected elite controllers, whose selection may contribute to viral attenuation and immune control in these individuals (33) . In contrast, M250I appears to be a relatively common minor polymorphism in HIV-1 subtype C (35, 36, 48) , whose relative fitness consequences were previously unknown. Moreover, M250I has been associated with lack of development of the typical T242N escape mutation in HLA-B*57/B*58:01-positive individuals in some (16, 28, 33) but not all (12, 14, 35) subtype B and C cohorts, supporting its potential role as a polymorphism that could serve to channel immune-driven HIV-1 evolution down unconventional pathways (2, 3, 18) .
In the present study, we explore the relative consequences of M250I, alone and in combination with other immune-driven and putative compensatory mutations, in attenuating viral replication in HIV-1 subtypes B and C. We also investigate the structural basis for these defects. We confirm that M250I is very rare in HIV-1 subtype B, and that it is associated with substantial fitness costs that are not easily compensated due to profound alterations in the subtype B capsid structure. In contrast, M250I is more common in subtype C, and its fitness impact may be rescued by the selection of compensatory mutations. We also demonstrate additive fitness consequences of T242N in combination with M250I in HIV-1 subtypes B and C. These results have implications for the design of universal vaccines aimed at attenuating the disease course.
MATERIALS AND METHODS
Study subjects and data sources. (i) Subtype B chronic infection and elite controllers cohort. The subtype B chronic infection cohort comprised 803 untreated individuals (median pVL of 5.1 log 10 RNA copies/ ml, with an interquartile range [IQR] of 4.7 to 5.5 log 10 RNA copies/ml, and a median CD4 cell count of 273 cells/mm 3 [IQR, 130 to 420 cells/l]). Of these individuals, 762 (94.9%) represented the baseline (antiretroviralnaive) cross-section of the British Columbia HOMER cohort, while the remaining 41 (5.1%) represented chronically infected individuals recruited from Massachusetts General Hospital who were untreated at the time of sample collection (7). HLA class I typing and plasma HIV-1 RNA gag sequencing were performed as described previously (7, 19) . Construction of Gag-protease recombinant NL4-3 viruses expressing participantderived Gag-protease sequences, as well as evaluation of their replication capacity, was performed as described previously (7) and below.
HLA class I types and plasma HIV-1 RNA gag sequences from a cohort of 69 elite controllers (defined as chronically HIV-1-infected individuals maintaining pVL at Ͻ50 copies RNA/ml in the absence of therapy) recruited through Massachusetts General Hospital were also studied (described in references 31 and 34).
(ii) Subtype C chronic infection cohort. The subtype C chronic infection cohort comprised 405 antiretroviral-naive chronically infected individuals from the Sinikithemba cohort in Durban, province of KwaZuluNatal, South Africa. The median viral load was 4.77 (IQR, 4.15 to 5.27) log 10 HIV RNA copies/ml, and the median CD4 count was 340 (IQR, 238 to 477) cells/l. HLA class I typing was performed as described previously (26) , and plasma HIV RNA gag sequencing was performed as described by Wright et al. (48) . Construction of Gag-protease recombinant NL4-3 viruses expressing participant-derived Gag-protease sequences, as well as evaluation of their replication capacity, was performed as described in reference 48 and below.
(iii) Subtype C longitudinal seroconverter cohort. The subtype C longitudinal seroconverter cohort comprised 53 women enrolled in the CAPRISA 002 observational cohort study, which was established to investigate the role of viral and immunological factors during acute/early subtype C infection on HIV-1 disease progression (47) . The cohort includes high-risk HIV-negative women monitored monthly for recent HIV-1 infection using two rapid antibody tests and PCR (Roche Amplicor v1.5). HIV-1 infection was confirmed using an enzyme immunoassay test. Women were enrolled in the present study within 3 months of infection from both the HIV negative cohort and other seroincident cohorts in Durban, South Africa. The date of infection was estimated as the midpoint between the last HIV-1-negative test and the first antibody-positive test, or 14 days prior to the PCR-positive but antibody-negative date. Samples were collected at enrollment, weekly for 3 weeks, fortnightly for 3 months, monthly for a year, and quarterly thereafter. CD4 ϩ T cell counts were assessed using a FACSCalibur flow cytometer, and viral loads were measured using a COBAS Amplicor HIV-1 Monitor Test v1.5 (Roche Diagnostics). The 53 individuals included in the present study represented seroincident individuals monitored for 12 months postinfection. The median CD4 ϩ count and log viral load at 12 months postinfection (calculated as the average of the three time points closest to 12 months) were 416 cells/l (IQR, 341 to 563) and 4.43 log 10 HIV RNA copies/ml (IQR, 3.35 to 4.93), respectively. The present study was approved by the relevant institutional review boards overseeing the above cohorts. RNA isolation, RT-PCR, and viral sequencing. For the CAPRISA 002 cohort, viral sequencing was carried out as described previously (17) . RNA isolated from plasma samples by using a Magna-Pure compact nucleic acid extractor (Roche, Mannheim, Germany) was reverse transcribed using a Thermoscript reverse transcription (RT) kit (Invitrogen). Limiting-dilution nested PCR was carried out by serial endpoint dilution of the cDNA (34a). PCR products were either directly sequenced or cloned using the pGEM-T Easy vector system (Promega). Sequencing was carried out using an ABI Prism dye terminator cycle sequencing kit (Applied Biosystems). Chromatograms were assembled using ChromasPro (www.technelysium.com.au/chromas.html) and aligned using CLUSTAL W (46) . PCR and sequencing primers used are listed in Table S1 in the supplemental material.
HLA typing. For the CAPRISA 002 cohort, high-resolution (fourdigit) HLA typing was performed on all participants. DNA was extracted from either peripheral blood mononuclear cells (PBMC) or granulocytes using a Pel-Freez DNA isolation kit. HLA-A, -B, and -C typing was performed by sequencing exons 2, 3, and 4 using Atria HLA-AlleleSeqr kits (Abbott) or HLA-SBTexcellerator kits (Qiagen) and Assign-SBT v3.5 software (Conexio Genomics). Ambiguities resulting from polymorphisms outside the sequenced exons or identical heterozygote combinations were resolved using sequence-specific primers or resolved statistically using a published computational HLA class I completion algorithm trained on a data set of complete high-resolution HLA-A, -B, and -C types from Ͼ13,000 individuals of known ethnicity (27; http://research .microsoft.com/en-us/projects/bio/mbt.aspx#HLA-completion).
Viral replication assays of site-directed mutants and participantderived subtype B and C sequences (NL4-3 recombinant system). (i) Generation of site-directed mutant viruses. HIV-1 NL4-3 (subtype B) and consensus C (subtype C) p24 gag fragments were amplified using 100-bp-long primers CA_Chimeric Recomb F and CA_Chimeric Recomb R, matching the NL4-3 sequence upstream and downstream of p24, respectively (see Table S1 in the supplemental material). Amplicons were cloned into the pGEM-T Easy vector. Site-directed mutagenesis was used to introduce various mutations and combinations of mutations (T242N, M250I, G248A/M250I, and T242N/M250I for subtype B and T242N and M250I for subtype C) into the relevant p24 recombinant vectors using a QuikChange II site-directed mutagenesis kit (Stratagene). To generate recombinant NL4-3 viruses expressing the mutant p24 sequences, p24 gag was reamplified from the mutated recombinant pGEM-T Easy plasmids using the primers described above.
The plasmid pNL4-3⌬p24 was constructed by inserting unique BstEII restriction sites at the 5= and 3= ends of p24
Gag using a QuikChange XL kit, followed by deletion of this region by BstEII digestion (New England BioLabs). This plasmid was maintained using Stbl3 Escherichia coli cells (Invitrogen). To generate recombinant viruses, 10 g of BstEII-linearized pNL4-3⌬p24 plus 50 l of the above amplicon (ϳ5 g) were mixed with 2.0 ϫ 10 6 cells of a Tat-driven green fluorescent protein (GFP) reporter T-cell line of CEM origin (GXR 25 cells [9] ) in 800 l of R10ϩ medium (RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml) and transfected by electroporation using a Bio-Rad GenePulser II (exponential protocol: 300 V, 500 F). After transfection, the cells were rested for 45 min at room temperature, transferred to 25-mm 3 flasks in 5 ml of R10ϩ medium, and fed with 5 ml of R10ϩ medium on day 5. GFP expression was monitored by flow cytometry (FACSCalibur; BD Biosciences) and, once GFP ϩ expression reached Ͼ15% among viable cells, supernatants containing the recombinant viruses were harvested, and aliquots were stored at Ϫ80°C. The sequences of all recombinant virus stocks were verified via resequencing.
(ii) Generation of recombinant NL4-3 viruses expressing participant-derived sequences. The same approach was previously used to generate recombinant viruses expressing participant-derived HIV RNA Gagprotease sequences from 803 chronically subtype B (7)-and 405 chronically subtype C (48)-infected individuals (data that were reanalyzed for the present study). Briefly, the Gag-protease region was RT-PCR amplified from plasma HIV-1 RNA using sequence-specific primers, followed by a second-round PCR using 100-bp-long polyacrylamide gel electrophoresis-purified recombination primers designed to match the NL4-3 sequence directly upstream of Gag and downstream of protease. Amplicons were cotransfected with linearized pNL4-3⌬gag-protease into GXR T cells, and recombinant viruses were generated via homologous recombination as described above and previously (7, 48) .
(iii) Recombinant virus titers and replication capacity assays. Determination of virus titers and assessment of viral replication capacity of site-directed mutant and participant-derived recombinant viruses was performed as described previously (7, 48) . Briefly, virus titers were determined by infecting GXR cells with chimeric virus stocks and measuring GFP expression by flow cytometry. The titer data were used to adjust input viral volumes in the subsequent replication capacity assay to obtain a multiplicity of infection (MOI) of 0.003 on day 2. GFP expression was monitored daily for a week. Replication capacity was expressed as the slope of the natural log of the percentage of GFP-expressing cells between days 3 and 6. This value was then divided by that of the appropriate control strain (wild-type NL4-3 or consensus C), yielding a normalized replication capacity value where 1.0 represented growth identical to that of the control strain, and values of Ͻ1.0 and Ͼ1.0 represented growth that was lower or higher than that of the control strain, respectively. Replication capacity assays of site-directed mutant viruses were performed in triplicate in a single experiment, while recombinant viruses were assayed in duplicate, and the results are reported as the average (mean) value.
Viral replication assays of subtype C site-directed mutants in a subtype C backbone (primary cell assay system). (i) Generation of molecular clones harboring Gag mutations in subtype C backbone. Specific gag mutations were also engineered into a consensus gag sequence cloned into an HIV-1 subtype C infectious molecular clone pBR246-F10 backbone (provided by B. Hahn). The pBR246-F10 backbone contains HLA-B57/ B*58:01 escape variants that have been previously reported to reduce replicative fitness (8, 28) ; therefore, we modified the backbone by replacing the gag gene with a synthetic consensus subtype C gag gene, as follows. The XhoI restriction site in the vector component of the original plasmid was deleted by digestion with XhoI, followed by blunting with Klenow and blunt-end ligation. A BssHII site at the 5= end of gag and a XhoI site 60 nucleotides downstream of the gag stop codon were engineered using a QuikChange II site-directed mutagenesis kit. Quantitative PCR (qPCR) primer sites were similarly introduced into nef (6). The consensus subtype C full-length gag gene (www.hiv.lanl.gov) was synthesized (Integrated DNA Technologies) and ligated into the pGEM-T Easy vector. The mutations T242N, M250I, M250I/S252G/D260E, and T242N/M250I/S252G/ D260E were introduced through site-directed mutagenesis and confirmed via DNA sequencing. The mutated genes were amplified using forward and reverse primers harboring BssHII and XhoI restriction sites, respectively, after which amplicons were digested and ligated into the modified pBR246-F10 backbone. E. coli STBL3 cells (Invitrogen) were used to propagate full-length proviral plasmids. In the subsequent experiments, the recombinant pBR246-F10 molecular clone harboring consensus subtype C Gag served as the control strain.
(ii) Generation of viral stocks of subtype C site-directed mutants. Viral stocks were generated by transfection of HEK293T cells with 7.5 g of plasmid DNA in Dulbecco modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Atlantic Biologicals) using Lipofectamine 2000 (Invitrogen). Supernatants were harvested 72 h after transfection, and aliquots were stored at Ϫ80°C. HIV-1 p24 Capsid concentrations were quantified by a p24 enzyme-linked immunosorbent assay using the Vironostika HIV-1 Antigen MicroELISA system (bioMéri-eux, Netherlands).
(iii) Viral replication assays in primary cells. PBMC isolated from five healthy HIV-negative donors were CD8 depleted using Dyna-Beads (Invitrogen). The PBMC were stimulated in RPMI 1640 supplemented with 20% FBS, 5 mg of phytohemagglutinin (Sigma, St. Louis, MO)/ml, and 20 U of interleukin-2 (Becton Dickinson Labware)/ml for 72 h prior to infection. After 72 h, the PBMC were washed with 1ϫ phosphatebuffered saline supplemented with 1% (vol/vol) FBS (wash medium). A total of 5.0 ϫ 10 5 PBMC were inoculated with viral stocks (MOI ϭ 0.002) in 1 ml of RPMI 1640 supplemented with 20% FBS and 20 U of interleukin-2 (growth medium). After 24 h, the growth medium was removed, PBMC were washed, and fresh growth medium was added. Then, 250 l of supernatant was removed for qPCR analysis and replaced with an equal volume of growth medium on days 2, 4, 6, 8, 10, and 12. Fresh PBMC were added on day 6.
(iv) qPCR. RNA was extracted from 200 l of supernatant as described above. cDNA was synthesized from 4 l of RNA using the Superscript III RT-PCR kit (Invitrogen) in a total volume of 10 l. qPCR was carried out as described earlier (6) on a LightCycler using the FastStart SYBR green kit (Roche) in a 20-l reaction volume. Briefly, each reaction mixture consisted of 10.4 l of distilled water, 1.6 l of MgCl 2 (25 mM), 2 l each of 5 M stocks of WT-F and WT-R primers, 2 l of LightCycler SYBR green mix, and 2 l of cDNA. The cycling conditions consisted of a 15-min initial activation and denaturation step at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C, and a melting curve involving 1 min at 60°C, followed by ramping to 95°C with continuous sampling. The quantification standards consisted of the modified infectious molecular clone pBR246-F10 linearized by BssHII digestion, followed by gel purification and spectrophotometric copy number quantification.
Identification of amino acids covarying with M250I in participantderived subtype B and C sequences. Published phylogenetically informed methods (14, 15) were used to identify HLA class I alleles associated with, and HIV-1 Gag amino acids significantly covarying with, M250I in chronic subtype B (7) and subtype C (48) cohorts. Multiple comparisons were addressed using q-values, the P value analogue of the false discovery rate (FDR) (42) . The FDR is the expected proportion of false positives among results deemed significant at a given P value threshold; for example, at a q Յ 0.2, we expect 20% of the identified associations to be false positives.
Conformational modeling of p24 helix 6 peptides. Conformational modeling of peptide sequences was carried out using the program PEP-FOLD (29, 45) via the PEP-FOLD standalone server (http://bioserv.rpbs .univ-paris-diderot.fr/cgi-bin/PEP-FOLD). The HIV-1 consensus B p24 N-terminal domain nuclear magnetic resonance structure 1L6N (retrieved from the RCSB Protein Data Bank [www.pdb.org]) (43) was edited to include only residues from positions 242 to 252 and was used as a structural template for modeling helix 6. Helix 6 stretches from positions 242 to 252 inclusive in the structure 1L6N. Helix 6 peptides from positions 242 to 252 were extracted from HIV-1 clade B and HIV-1 clade C consensus sequences (www.hiv.lanl.gov) and submitted to PEP-FOLD for conformational modeling. PEP-FOLD reports the structure and energy of the 50 lowest energy conformations (i.e., the most stable) for each peptide sequence that it models. We regarded this collection of 50 structures reported by PEP-FOLD as a "cluster," and we associated the pair of energy terms-[a,b]-with each cluster. In the pair [a,b], "a" is the lowest value in the cluster, and "b" is the highest energy value. The energy terms calculated by PEP-FOLD are in kcal/mol. Predictions using PEP-FOLD algorithms were qualitatively and semiquantitatively checked against predictions using the protein structure prediction server PSI-PRED (30; http: //bioinf.cs.ucl.ac.uk/psipred).
Statistical analyses. Wilcoxon rank-sum tests were used to compare viral loads and CD4 ϩ T-cell counts between pairs of group. The Fisher exact test was used to compare differences in frequencies of the M250I mutation between study cohorts and other dichotomous groups. Sta-tistical tests were implemented in GraphPad Prism 5.0 (GraphPad Software, Inc.).
RESULTS
M250I is rare in subtype B and is associated with reduced fitness in site-directed mutant and participant sequences. The Gag M250I mutation was observed in only 5 of 803 (0.6%) chronically subtype B-infected individuals (Fig. 1A ). Of these, three harbored an M/I mixture, while the remaining two harbored I as the sole amino acid at this position (not shown). The median in vitro replicative capacity of recombinant viruses expressing participantderived Gag/protease in a subtype B NL4-3 backbone was lower among M250I-containing viruses (n ϭ 5) compared to those lacking M250I (n ϭ 788), although this did not reach statistical significance (median of 0.91 versus 1.02, P ϭ 0.06; Fig. 1A ). When engineered alone into a NL4-3 backbone, M250I conferred a 22% reduction in replication capacity compared to wild-type NL4-3 (Fig. 1B) . To provide context, a site-directed NL4-3 mutant virus expressing the well-characterized T242N mutation exhibited a 2% reduction in replication capacity compared to wild-type NL4-3 (Fig. 1B) .
Distribution and clinical correlates of M250I in subtype B are also consistent with a fitness cost. M250I was previously described as a rare mutation occurring in HIV-1 subtype B-infected elite controllers (33) , the same cohort analyzed in the present study. Indeed, the frequency of this mutation was 12-fold higher among elite controllers (5/69 [7.2%]) compared to chronically subtype B-infected persons (5/803 [0.6%]) (Fisher exact test, P ϭ 0.0005; Fig. 2A ). Moreover, in both subtype B-infected elite controllers and chronically infected individuals, M250I was significantly enriched in individuals expressing alleles of the HLA-B58 supertype (Fig. 2B) . Whereas 5/26 (19.2%) of the elite controllers expressing a B58-supertype allele were infected with viruses harboring M250I, the mutation was not observed in any of the 43 elite controllers who did not express B58-supertype alleles (estimated odds ratio [OR] of 22.3; Fisher exact test, P ϭ 0.0059; phylogenetically corrected P ϭ 0.0017). Similarly, while the mutation was observed in 3/83 (3.6%) chronically infected individuals expressing a B58-supertype allele, it was only observed in 2/710 (0.025%) individuals lacking such alleles (OR 13. Furthermore, in our chronic subtype B cohort, a trend toward lower plasma viral loads was observed in individuals infected with viruses harboring the M250I mutation compared to individuals infected with viruses lacking this mutation, although this was not statistically significant (median of 0.58 versus 5.08 log 10 HIV RNA copies/ml, P ϭ 0.089). CD4 counts were comparable between the two groups (median of 300 versus 280; P ϭ 0.4) (see Fig. S1 in the supplemental material).
In subtype C, M250I is associated with reduced fitness in sitedirected mutant, but not participant sequences. In subtype C, the M250I frequency in both recently transmitted and chronic viral sequences was considerably higher than in subtype B: 8/53 (15%) (median, 42 days postinfection) for recently transmitted viruses and 41/405 (10%) for viruses from chronic infections. The in vitro replicative capacities of NL4-3 derived recombinant viruses expressing subtype C Gag-protease sequences sampled during chronic infections were comparable between M250I-containing (n ϭ 41) and non-M250I-containing (n ϭ 364) sequences (median of 0.62 in both groups, P ϭ 0.95; Fig. 3A) . However, when introduced alone into a consensus subtype C p24 gag (also in an NL4-3 backbone), M250I conferred a 25% reduction in replication capacity compared to consensus C p24 gag sequence (Fig.  3B) . To provide context, a mutant NL4-3 virus expressing T242N introduced into consensus C p24 gag exhibited a 13% reduction in replication capacity compared to consensus C p24 gag sequence (Fig. 3B) .
Distribution and clinical correlates of M250I in subtype C support a modest fitness cost. Analysis of longitudinal clonal Gag sequences from our subtype C seroconverter cohort (median [IQR] follow-up of 12.2 [11.7 to 31.1] months) revealed reversion of M250I mutations to wild type in three of eight participants harboring this polymorphism at their earliest time point (Fig. 4) . These three reversions occurred at 2.0 (subject CAP255), 11.3 (CAP261), and 22.4 (CAP277) months postinfection. In our subtype C seroconverter cohort at 12 months postinfection, we observed modestly higher CD4 T-cell counts, although not statistically significant, among individuals harboring M250I (median of 480 versus 414 cells/l, P ϭ 0.08), whereas plasma viral loads were comparable between the two groups (median of 3.73 versus 4.49 log 10 HIV RNA copies/ml, P ϭ 0.15) (Fig. 5A and B) . In our subtype C chronic infection cohort, no differences in pVL and CD4 counts were observed in individuals infected with M250I-expressing viruses compared to individuals infected with viruses lacking this mutation (median log 10 HIV RNA copies/ml of 4.98 versus 4.78 [P ϭ 0.6] and median CD4 ϩ counts of 339 versus 340 cells/l [P ϭ 0.8], respectively) ( Fig. 5C and D) . Among chronically subtype C-infected individuals the M250I mutation was not associated with the expression of any specific HLA class I alleles (data not shown).
Covariation between M250I and other sites in p24 Gag. Fitness costs of certain mutations can be fully or partially restored through the selection of compensatory mutations at secondary sites (22, 39, 49) . To identify potential compensatory mutations for M250I in subtypes B and C, we applied phylogenetically informed methods (14, 15) to identify Gag amino acids covarying with M250I in sequences from our chronic subtype B (7) and C (48) cohorts. No significant M250I-associated amino acids were identified in subtype B sequences at q Ͻ 0.2 (data not shown), which is likely due to the extreme rarity of this mutation in this cohort. In contrast, in our chronic subtype C cohort, significant covariation was detected between codon 250 and seven other Gag sites, all of them in p24 (Table 1) . Of these, codons 252 and 260 were the most statistically significant. Specifically, strong positive associations were observed between M250I and both S252G and D260E, suggesting that these may function as compensatory mutations in a subtype C context. Independent analysis of our subtype C seroconverter cohort confirmed these covarying pathways, although all q-values were Ͼ0.2 in this analysis due to the small sample size (data not shown). We therefore hypothesized that S252G and D260E represent compensatory mutations for M250I in subtype C.
In addition, other amino acids potentially interacting with M250I have been described, including a negative association between M250I and T242N in both subtypes B and C (16, 28, 33) and a positive association between M250I and G248A in subtype B (16, 28, 33 ) (although other population-level studies have not reported these [10, 14, 35] ). Given the proximity of M250I to the B58 supertype-restricted TW10 epitope and the association between this supertype and M250I in subtype B, we therefore also assessed the replicative consequences of M250I in combination with these mutations.
S252G and D260E mutations partially restore the fitness of subtype C M250I mutants. Our site-directed mutant experiments described thus far featured mutants engineered into a consensus C p24 sequence in an NL4-3 backbone. To confirm the effects of the M250I mutation and to assess replicative costs associated with putative compensatory and negatively associated mutations in a full subtype C backbone, we engineered the T242N, M250I, M250I/S252G/D260E ("IGE"), and T242N/M250I/S252G/D260E ("NIGE") mutations into consensus C p24
Gag and inserted this into the subtype C molecular clone backbone pBR246-F10 (see Materials and Methods). Furthermore, to explore the replicative costs of these mutations in a more biologically relevant context, we assayed the resulting recombinant viruses in primary PBMC over 12 days in culture (see Materials and Methods). The replication curves of the mutants in the subtype C backbone over 12 days in culture are shown in Fig. 6A . When the exponential slopes of viral spread in Fig. 6A were calculated and normalized to those of consensus C p24
Gag , T242N-and M250I-containing viruses exhibited 15 and 18% reductions, respectively, in replication compared to the consensus C p24
Gag control strain, values that were consistent with the replication of these mutants when they were engineered into the consensus C p24
Gag /NL4-3 recombinant virus backbone and cultured in a reporter cell line (Fig. 3B) . The subtype C triple mutant virus M250I/S252G/D260E (IGE) exhibited only an 8% reduction in replication compared to the control strain, supporting the combination of S252G and D260E as compensatory mutations for M250I (Fig. 6A and data not shown) . Notably, the quadruple mutant carrying the T242N/M250I/ S252G/D260E ("NIGE") mutations exhibited a 31% reduction in replication compared to the control strain (Fig. 6A and data not shown), supporting a negative interaction between T242N and M250I mutations in subtype C.
Examination of Gag sequences from our chronic subtype C cohort with a "full" M250I substitution (i.e., no mixtures) revealed that 30/36 (83%) harbored the full M250I/S252G/D260E (IGE) combination, 5/36 (14%) harbored M250I with either S252G or D260E, and only one sequence (3%) harbored M250I in the absence of either of these substitutions. Classification of participant-derived sequences according to the number of compensatory mutations they possessed at codons 252 and 260 (0, 1, or 2) revealed a dose-dependent increase in replication capacity over this range. However, due to the presence of only one virus harboring M250I alone, it was not possible to perform a statistical test on this overall trend (Fig. 6B) . Moreover, of the viruses sampled from the 30 individuals chronically infected with subtype C that harbored the IGE combination with no amino acid mixtures, only one harbored the T242N mutation (data not shown), a finding consistent with the quadruple T242N/M250I/S252G/D260E (NIGE) combination being particularly detrimental (and thus rare) in subtype C viruses.
Compensation for M250I appears difficult in subtype B viruses. As described above, no amino acids were identified to covary significantly with M250I in our chronic subtype B cohort. Furthermore, it was not relevant to introduce the putative subtype C-specific compensatory mutations S252G and D260E into subtype B, since a G at position 252 is never observed in naturally occurring subtype B sequences, and an E at position 260 is the subtype B consensus. Previous reports, however, have suggested that M250I may interact with certain HLA-B58-supertype associ- ated polymorphisms in the upstream TW10 epitope such as T242N (for which a negative interaction had previously been suggested with M250I [28] ) and G248A (observed frequently in sequences harboring M250I [33] ). We therefore investigated the impact of these additional mutations on viral fitness when present with M250I in a subtype B context. When engineered into an NL4-3 backbone, the G248A/M250I double mutant exhibited 3% higher replicative capacity compared to M250I alone and yet still exhibited 19% lower replicative capacity compared to NL4-3 (Fig.  6C ). These data suggest that G248A may only alleviate M250I-associated fitness costs to a very minor extent, if any. The T242N/ M250I double-mutant virus had a replicative capacity 31% lower than that of NL4-3, suggesting that previously described negative associations between the two mutations are due to the severe fitness cost of the T242N/M250I double mutation. The M250I mutation probably destabilizes helix 6 of p24.
The p24
Gag N-terminal hairpin (Gag codons 133 to 145), cyclophilin A binding loop (Gag codons 217 to 225), and helix 6 (Gag codons 242 to 251), which includes the HLA-B58-supertype-restricted TW10 epitope) are conformationally coupled (28) . It is believed that helix 6 stability is important in the binding of cyclophilin A by p24
Gag (28) and that the modest replicative costs of T242N are due in part to disruption of the interactions between these p24
Gag domains, thereby compromising the binding of helix 6 to cyclophilin A. Given that M250I lies only one amino acid downstream of TW10, we hypothesized that this mutation may also affect the stability of p24
Gag helix 6 and its associated interactions. We therefore undertook conformational analysis of published consensus subtype B and C p24
Gag helix 6 peptide sequences (www.hiv.lanl.gov) using PEP-FOLD (see Materials and Methods).
The predicted conformations of naturally occurring subtype B and C helix 6 peptides exhibited similar free energies (Table 2) . When M250I was introduced into these sequences in silico, the predicted helical conformation of helix 6 was destabilized compared to the cognate "wild-type" conformation for both subtypes, but this effect was far more pronounced for subtype B compared to subtype C (Table 2 and Fig. 7) . The subtype B and C consensus sequences differ at positions 248 and 252 (G248 versus A248 and N252 versus S252 in subtype B versus subtype C), suggesting that, in the context of M250I, either or both of these positions confer the greater stability of subtype C helix 6 peptide compared to that of subtype B. Further PEP-FOLD simulations on HIV-1 subtype B helix peptides harboring the subtype C consensus residues A248 and S252 revealed that A248 had a major stabilizing influence on helix 6 peptide and was predominantly responsible for minimizing the conformational differences between the wild-type and M250I-containing subtype C helix 6 (see Table S2 in the supplemental material). This finding may in part explain the frequent occurrence of G248A substitutions among subtype B M250I-containing sequences, since the former may act to restabilize helix 6 in a subtype B context. 
DISCUSSION
The extremely low frequency (0.6%) of M250I in chronic subtype B sequences renders it challenging to draw firm conclusions regarding its provenance and fitness impact in vivo. Despite this, multiple lines of evidence support a fitness cost in this subtype. First, even when it is present, M250I tends to occur as a mixture alongside M250 (i.e., it rarely achieves fixation in vivo), suggesting an inherent incompatibility between it and the subtype B genetic background. Second, patient-derived sequences harboring this mutation exhibit modestly (albeit not significantly) lower replication capacities and lower viral loads than those harboring M250. In both chronic (7) and controller (33) subtype B cohorts, M250I was enriched among individuals expressing an HLA allele belonging to the B58 supertype. Moreover, odds of B58 supertype-mediated selection of M250I was nearly 2-fold higher among controllers compared to chronically infected individuals, supporting M250I as a rare B58-supertype associated escape variant preferentially selected in elite controllers. The mechanism(s) behind this differential selection remain unclear; in addition, our observations are in contrast to those of a previous report of M250I occurring in a minority of hypermutated proviral (but not plasma HIV RNA or intact proviral) sequences from seven HLA-B*57-expressing elite controllers (5). Elite controller sequences from the present study are indeed derived from HIV RNA (a DNase step was used during RNA extraction to eliminate proviral DNA contamination [31] ); as such, the enrichment and differential selection of M250I among elite controllers merits follow-up in independent cohorts. The rarity of M250I (along with the fact that it is most often observed as an M/I mixture at position 250) may also explain its lack of identification in population-level studies of HLA-associated polymorphisms in subtype B (10, 25) and the difficulty of identifying (10, 25) potential compensatory mutations using computational approaches. Nevertheless, based on the observation that the upstream G248A mutation (a well-characterized B58-supertype-associated polymorphism [10, 25] ) is often present, along with M250I in elite controller sequences (33), we attempted to evaluate G248A as a putative compensatory mutation for M250I. Introduction of G248A alleviated M250I-associated replicative defects only to a very modest extent (3%), if at all. Although the lack of statistical power due to the rarity of M250I represents a limitation of our analysis, results nevertheless suggest that M250I-associated fitness costs are not easily rescued via compensatory mutations in subtype B.
In contrast, in subtype C, M250I appears to represent a minor (Ն10%) polymorphic variant where fitness costs can be alleviated through selection of compensatory mutations in vivo. First, individuals harboring M250I-containing viruses tended to have modestly (albeit not statistically significantly) higher CD4 counts during early (but not chronic) subtype C infection. Second, reversion of M250I mutations were observed in 40% of cases following transmission. Most notably, despite the M250I mutation conferring an 18% reduction in replicative capacity when introduced alone into a subtype C backbone, no differences in replication were observed between M250I-containing and non-M250I-containing subtype C viruses sampled during chronic infection. Furthermore, computational analyses identified two p24
Gag polymorphisms -S252G and D260E-strongly covarying with M250I that restored the replicative capacity of M250I mutants from 82 to 92% of control strain levels when engineered into a subtype C backbone. The observation that all but one M250I-containing patient sequences sampled during chronic infection harbored one or both of these compensatory mutations and that the replication capacities of these were higher than the sequence harboring M250I alone was also suggestive of M250I-associated fitness costs being recouped by compensatory mutations.
We also investigated previous reports of a potential negative interaction between the T242N and M250I mutations reported in some (16) but not all (7, 10, 35, 48) cohorts. There were differences that may be attributable to variation in host/viral or other characteristics between cohorts and/or geographic regions. Of interest, the replicative capacity of the T242N/M250I double mutant was 13% lower than that of the M250I single mutant, thus provid- In all panels, the residue at position 248 is shown in cyan and that at position 250 is shown in red. Stick representations are also shown at residue positions 248 and 250. In panels B and C, the helix 6 peptide has a glycine at position 248, and in panels D and E it has an alanine. The images were rendered using Pymol (www.pymol.org).
ing a mechanism to explain the proposed negative interaction, if indeed one exists.
In silico analysis of the structural consequences of M250I revealed that it likely has a severe destabilizing effect on the subtype B p24
Gag helix 6 structure that may be partially alleviated by the B58-supertype-associated mutation G248A. Notably, although G248A may partially stabilize helix 6 in subtype B, its ability to compensate for the replicative fitness costs of M250I appears to be marginal at best. In subtype C, the modest effect of M250I on helix 6 structure can be attributed to the stabilizing effects of the alanine residue at position 248, which is the consensus amino acid at this position in subtype C. This provides a possible explanation for the substantially higher frequency of the M250I mutation in subtype C sequences compared to subtype B sequences. The host factor(s), if any, driving the higher frequencies of M250I in subtype C sequences remain unknown but may be revealed through more statistically powerful analyses of larger subtype C cohorts or comparative analyses of subtype C cohorts from different geographical regions (similar to those undertaken for subtype B) (4).
In conclusion, M250I in HIV-1 subtype B appears to be a rare immune-driven mutation with fitness consequences, but in HIV-1 subtype C it is a relatively innocuous circulating polymorphism that is not selected by any known HLA alleles. Analysis of the structural basis for these observations suggests that M250I has a greater destabilizing effect on the subtype B p24 gag helix 6 structure compared to subtype C, yielding greater replicative fitness costs. It is possible that M250I in subtype B reduces the ability of p24 to bind host factor cyclophilin A (21, 26) ; however, further studies will be required to explore this potential mechanism. Our data suggest CTL-based vaccines targeting functionally constrained HIV-1 regions that aim to drive viral evolution down fitness-attenuating pathways may need to account for intersubtype differences in the specific mutations selected under immune pressure and their relative impact on viral fitness.
